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Abstract. We discuss a universal bound on any excitation of heavy fields during inflation:
the ratio of the heavy field’s energy density to the one driving inflation must be less than
the maximally allowed relative amplitude of oscillations in the power-spectrum (ρh/ρI . 0.01
according to PLANCK). This bound can be traced back to the sudden change of the equation
of state parameter across the excitation event.
We employ a sudden transition approximation at the perturbed level, which has been
used before in different settings; we check its validity by comparison to the full multi-field
result in a concrete case study involving a sudden mass change of an inflaton.
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1 Introduction
How strongly can a heavy field, mh  H, be excited (i.e., displaced from its vacuum expec-
tation value) during inflation without spoiling inflationary predictions? We show that only
a small fraction of the inflationary energy density can be transferred to a heavy field if oscil-
lations in the power-spectrum in excess of current bounds are to be avoided (ρh/ρI . 0.01 if
relative oscillations should contribute no more than one percent). This bound is universal,
i.e., independent of the excitation mechanism and the inflationary model. Its physical origin
is the sudden change of the equation of state parameter across the transition that is present
for any excitation. After a pedagogical derivation of this bound, which has been derived
previously in different frameworks, we discus its applicability and implications; we follow
with a novel case study to highlight its universality.
Current observations of the cosmic microwave background radiation [1–4] are consistent
with the predictions of simple, single field models of inflation (adiabatic, Gaussian pertur-
bations with a slightly red power-spectrum and observable gravitational waves, see [5–8] for
reviews), yet, a priori, most models in string theory are of the multi-field type [8]: even if
a hierarchy of masses can justify the use of an effective single-field model [9], heavy fields
are present and can get excited during inflation. For example, if the inflaton is identified
with the light direction along a channel of the potential, any turn1 of this trough would lead
1The same effect can be achieved in a straight channel with a non-flat field space metric.
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to deviations of the trajectory from the minimum [10, 11], and thus a displacement of the
heavy field from its vacuum expectation value – the heavy field would be excited. If the
bending is mild, the effects at the perturbed level can be captured by an effective single-field
theory2 (EFT) with a time dependent speed of sound [10, 13–19] and clear tell-tale sings
in observables (e.g. a ringing pattern in the power-spectrum at the scale corresponding to
the Hubble radius when the turn was encountered [20–23]); see [20, 24–32] for related work.
For sharper bends, the EFT fails and different multi-field analytic or numerical techniques
[22, 23, 33, 34] have to be used at the perturbed level.
How much energy can be transferred to the heavy field while remaining consistent with
current observations? The PLANCK satellite considerably improved limits on oscillatory
features in the power-spectrum [1], leading to constraints on variations of the speed of sound
within the EFT [1, 19] or model parameters in concrete setups, such as monodromy inflation
[35]. As a rule of thumb, corrections at the percent level are not ruled out, but their addition
does not improve the fit at a statistically significant level [35]3.
Before proceeding, we should be more precise regarding the excitation of a heavy field:
we consider homogeneous and isotropic excitations as opposed to the (potentially inhomoge-
neous) quantum mechanical production of field quanta [37, 38]. Within the EFT [10, 14–19],
it is the former, i.e., the deviation of the background trajectory from the minimum of the
valley, that affects curvature perturbations. The latter is relevant in models of trapped infla-
tion [39–43] or modulated trapping [44–46] among other applications: a heavy field becomes
temporarily light so that particle production similar to the one during preheating [47–49] can
take place. Such heavy field excitations affect the background and perturbations (computing
the latter is subtle, since back-reaction is included at the level of the equations of motion and
not the Lagrangian, see [40]). If adiabaticity is strongly violated during the excitation event,
e.g. due to a sharp turn, particle production is present in addition to the classical effects
discussed here, see [23].
If a sharp turn is present, rapid oscillations in the heavy direction result, whose repercus-
sions onto perturbations can be challenging to compute. In [36, 50–55] the oscillations at the
background level are kept, but perturbations are truncated to the light field. This approach
enables a straightforward computation of correlation functions in the in-in formalism, leading
to additional oscillatory features caused by resonances which could act as a fingerprint of the
background cosmology (i.e., inflationary v.s. bouncing cosmologies) if they were observed.
However, the truncation is generically not viable to compute this effect, since it ignores the
coupling to the heavy field’s perturbations; for example, the necessary condition needed to
truncate perturbations derived in [55] is not satisfied for some case studies in [52, 54]; other
bounds are stated in [10, 20]. As explained in detail in [22, 33, 34], the amplitude of the
signal is suppressed by a factor of H2/m2h in comparison to the one in [51–55], since neglected
terms lead to cancellations4 in integrals for the power-spectrum (the shape/frequency and
location of the signal is unaffected). Considering derivative interactions between the light
and heavy field can boost the signal again [36, 56–58]. These oscillations due to resonances
are distinct from the above-mentioned sinusoidal ringing pattern.
2Concerns raised in [12] regarding the applicability of an EFT were primarily due to incompatible definitions
of the term EFT, see [10] for a clarifying discussion.
3For particular oscillatory shapes, amplitudes of up to ten percent can be consistent with the data [36]; we
use one percent as a conservative upper limit in this paper, since essentially any correction below that level
(regardless of placement/frequency/shape) is not ruled out.
4The computation of the bi-spectrum is more subtle: since the cancellation is not complete, the resulting
amplitude in the full analysis remains at the same order of magnitude [34].
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Often, the process of exciting the heavy field is not retained in analytic treatments, see
e.g. [51–55]; further, keeping the coupling of perturbations is challenging and only possible in
certain cases [22, 33] (see also [59, 60]); thus, a numerical solution to the full multi-field set-up
as in [22, 34] is usually necessary if high accuracy is desired: in [22, 33] turns were investigated
in detail by different methods, highlighting the limitations of analytic techniques (EFT or
truncation). Unfortunately, in many cases the physical process responsible for oscillations in
the power-spectrum is obscured in the final results by the necessarily advanced computational
techniques.
Our goal is to reinvestigate a universal, analytic order of magnitude estimate for the
expected leading order corrections to the power-spectrum that retains the crucial sinusoidal
oscillations (ringing pattern) at scales corresponding to modes that crossed the Hubble ra-
dius at the time of the excitation event. To this end, we focus on a sudden change of one
field’s mass as a concrete example of an excitation event, which provides a complementary
mechanism to excite a heavy field in comparison to the commonly discussed turns. We do
not consider resonance effects.
Such an estimate is possible since any excitation causes a small, rapid change of the
equation of state parameter w = p/ρ. This change leads to mode mixing at the perturbed
level (the Bogoliubov coefficient β becomes non-zero, corresponding to particle production)
directly leading to oscillations in the power-spectrum. This process is retained if perturba-
tions are truncated to the light sector and the subsequent oscillations of the heavy field are
cut out. It is present whenever the equation of state changes quickly: Joy et. al. [61, 62]
computed analytically such oscillations for a jump in the mass during single field inflation,
following earlier work in [63, 64] on steps in the potential. In [65, 66], it was computed in
the multi-field framework of staggered inflation [67, 68], where fields start to decay during
inflation; it is also present if a sharp turn is encountered during inflation or during multi-field
open inflation [55, 69, 70] 5. See [71–73] for related work.
Evidently, this effect has been rediscovered several times and it is indeed universal , as
mentioned in the original work by Joy et al. [61] (see also [52]): by construction, the energy
in a heavy field red-shifts fast, leading to a sudden change of the inflationary equation of state
parameter6; therefore, whenever oscillations in a heavy field are excited during inflation, be
it by a turn, a non-flat field space metric, a kink in the potential, a tunnelling event or any
other mechanism, a ringing in the power-spectrum results.
We compute the amplitude of these oscillations in the power-spectrum in a simple two
field inflationary model: initially, both fields have the same mass, but one of them encounters
a kink in the potential, turning it instantaneously into a heavy field, see Sec. 2. We follow
[61, 65, 66] to compute the resulting power-spectrum in the sudden transition approximation,
see Sec. 2.3. This result has been derived in the framework of staggered inflation [65] following
work by Joy et al. [61], (see [52] for a derivation based on the in-in formalism). We provide this
straightforward derivation for pedagogical reasons before we discuss the general implications
in Sec. 4.1.2.
To show the applicability of the resulting estimate, we compute perturbations in the
full two-field setup in Sec. 4.2 for comparison, in line with the analysis in [22, 33]. We find
5Generically, a tunnelling event does not position fields onto the inflationary attractor in a valley [70],
providing yet another, natural mechanism to excite heavy fields.
6One needs to compare w before the transition to its value after the heavy field’s energy density became
unimportant; the transient (larger amplitude) oscillations in w caused by oscillations in the heavy field are
irrelevant for this effect (but crucial for resonance effects).
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that the sudden transition approximation provides indeed a surprisingly good estimate for
the amplitude and frequency of oscillations in the power-spectrum, see Sec. 4.2.2. Thus, the
main process leading to such a ringing pattern is just the sudden change of the equation of
state parameter.
We would like to reiterate that both aspects, the techniques used in this paper as well as
the result based on the sudden transition approximation, are not new. However, the broad
applicability of this simple, physically intuitive result appears to be little known outside
of a small expert community, which motivated us to provide this case study; our chosen
mechanism to excite a heavy field is complementary to the commonly used ones involving
turns in the potential valley. We hope our work will aid cosmologists that are less familiar with
advanced computational techniques for multi-field cosmological perturbations in the presence
of non-trivial inflationary background solutions: the sudden transition approximation enables
a quick back of the envelope estimate to decide whether or not a full multi-field analysis of
perturbations is warranted in a given inflationary model. If the latter is called for, for
example to compare predictions in a concrete model with data sets, the techniques used in
e.g. [19, 22, 33, 34] should be used, some of which we employ in this paper to put the estimate
to the test.
2 Background
Consider two canonically normalized scalar fields with the action
S =
∫
d4
√−g
(
M2Pl
2
R− 1
2
gµν
2∑
i=1
∂µφi∂νφi + V (φ1, φ2)
)
, (2.1)
and the potential
V (φ1, φ2) =
2∑
i=1
Vi(φi) . (2.2)
Since we are interested in a simple inflationary model for which one of the fields becomes
heavy, we take
V −i (φi−) =
1
2
m2i−φ
2
i− , t ≤ t∗ , (2.3)
V +i (φi+) =
{
1
2m
2
1+(φ1+ − φ˜1+)2
1
2m
2
2+φ
2
2+
, t ≥ t∗ , (2.4)
where t∗ denotes the transition time at which φ1 acquires a heavy mass
ml ≡ m1− ≡ m2− ≡ m2+  m1+ ≡ mh . (2.5)
We impose t∗ to lie within the observational window, i.e., around sixty e-folds before the
end of inflation. Here and in the following the subscripts ± denote the time just before/after
the transition. We model the transition as instantaneous, which is a good approximation as
long as the time required for the change in mass is much smaller than the Hubble time. φ˜1+
is chosen such that the potential energy is continuous, i.e., V +1 = V
−
1 . In the following we
replace {1, 2} ⇔ {h, l}, while keeping in mind that φ1 has a heavy mass for t > t∗ only.
– 4 –
As a background we take a flat, homogeneous and isotropic universe with the Friedmann-
Lemaitre-Robertson Walker (FLRW) line element
ds2 = dt2 − a(t)2d~x2 , (2.6)
where a(t) is the scale factor and t is cosmic time. The Friedmann equations for the Hubble
factor H = a˙/a and the Klein-Gordon equations are
3H2 = M−2Pl
∑
i
(
φ˙2i
2
+ Vi
)
, H˙ = −M−2Pl
∑
i
φ˙2i
2
, (2.7)
φ¨i + 3Hφ˙i + V
′
i = 0 , (2.8)
where we introduced the shorthand notation V ′i ≡ ∂φiVi and the reduced Planck mass
M−2Pl ≡ 8piG . (2.9)
As we will see in Sec. 4.1.2, oscillations in the power-spectrum will be of order
ε ≡ ρh
ρl
∣∣∣∣
t∗
, (2.10)
where
ρi = Vi +
1
2
φ˙2i . (2.11)
Since the amplitude of oscillations in the power-spectrum is bounded to be less than one
percent by current observations [1, 35], we impose ε . O(10−2)  1 in the following. This
small parameter should not be confused with the slow-roll parameters
 ≡ − H˙
H2
=
∑
i
M−2Pl
2
(
φ˙i
H
)2
≡
∑
i
i , ij =
√
ij , (2.12)
δi ≡ − φ¨i
Hφ˙i
, δi + δj = − ˙ij
2Hij
, ηij ≡M2Pl
∂2φiφjV
V
. (2.13)
For the inflationary phase to be of the slow-roll type, we require   1 throughout, so that
we can approximate
3H2 'M−2Pl
∑
i
Vi . (2.14)
2.1 Before the Transition, t ≤ t∗
Since both fields are initially light, we demand δi  1 before the transition, leading to
3Hφ˙i + V
′
i ' 0 (2.15)
and
 '
∑
i
M2Pl
2
(
V ′i
3H2
)2
(2.16)
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Figure 1. Schematic field evolution covering the transition at t∗ of φh from a light field to a heavy
one, as given by the solutions in (2.21) and (2.30). The corresponding potential in (2.2) is continuous
at the transition ~φ∗ ≡ (φ∗l , φ∗l ), but the second derivative makes a jump from ∂2V/∂φ2h|− = m2l to
∂2V/∂φ2h|+ = m2h at ~φ∗.
to leading order in the slow-roll approximation. The energy ratio at the transition satisfies
ε ' φ
∗2
h
φ∗2l
+
1
3
h  1 ; (2.17)
the slow-roll conditions combined with this energy condition lead to constraints on the field
values
φ∗h  φ∗l , φ∗l > MPl , (2.18)
so that ml  H. Since we want to place t∗ in the observational window, we choose
φ∗l ≡ 15MPl (2.19)
throughout this paper, which leads to around sixty e-folds of slow-roll inflation driven by φl
for t > t∗. Solving (2.15) in the slow-roll limit leads to
φl ≈ φ∗l
[
1 +
√
2
3
(
MPl
φ∗l
)
ml (t∗ − t)
]
, (2.20)
φh ≈ φ∗h
[
1 +
√
2
3
(
MPl
φ∗l
)
ml (t∗ − t)
]
, (2.21)
which are the well known slow-roll solutions with constant speed. Since
h ' 2M2Pl
φ∗2h
φ∗4l
, (2.22)
l ' 2M2Pl
1
φ∗2l
(2.23)
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and φ∗h  φ∗l , it follows that
h  l , (2.24)
i.e., we have to treat h as a second order quantity. Consequently, the energy condition in
(2.17) simplifies to
ε ' φ
∗2
h
φ∗2l
 1 . (2.25)
2.2 After the Transition, t ≥ t∗
Once φh becomes heavy, we focus on cases with   1 and δl  1, i.e., cases for which
the light field is rolling slowly and dominates the energy density, so that the Hubble factor
evolves equally slowly. However, φh speeds up and breaks slow-roll (δh  1) for mh  H.
Introducing
m ≡ m
2
l
m2h
, (2.26)
the condition on the heavy field’s mass becomes
m  3l , (2.27)
so that (H/mh)
2 can be treated as a second order parameter if compared to e.g. l and ε.
Under these conditions the background equations are
3H2 'M−2Pl Vl , 3Hφ˙l + V ′l ' 0 , φ¨h + 3Hφ˙h + V ′h = 0 , (2.28)
which are solved by
φl ' φ∗l
[
1−
√
2
3
(
MPl
φ∗l
)
ml (t− t∗)
]
, (2.29)
φh − φ˜h ' C
(
a
a∗
)−3/2
sin [mh(t− t∗) + γ] , (2.30)
where a(t∗) = a∗, φ˜h, C and γ are constants of integration.
At the transition we need to impose the continuity of the scale factor and the Hubble
parameter
[a]± = 0 , [H]± = 0 , (2.31)
as dictated by the Israel/Deruelle-Mukhanov junction conditions [74–76], which require the
continuity of the extrinsic curvature and induced metric at the hyper-surface separating the
two inflationary regimes. For the transition under consideration, this hyper-surface is set by
the field value φh, similar to hybrid inflation [77, 78]. Here, we introduced the notation
[F ]± ≡ F (t+∗ )− F (t−∗ ) , (2.32)
to designate the change of a quantity over the transition. Since fields are not interacting or
decaying, we further impose the continuity of φi, their respective potentials as well as their
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0 N* = 3 6
-0.9940
-0.9935
-0.9930
-0.9925
-0.9920
DN
w
¶=10-3
¶=510-4
Figure 2. The equation of state parameter in (2.39) as a function of the number of e-folds (∆N)
for ml/mh =
√
m = 5× 10−3 and two different energy ratios; the oscillations die down within a few
e-folds. The entire plot covers six efolds and N∗ ≡ 3 indicates the transition point.
kinetic energies, i.e., [ρi]
± = 0 and [φ˙i]± = 0. Plugging the solutions (2.20) and (2.21) as well
as (2.29) and (2.30) into these matching conditions, we arrive after some algebra at
cot γ =
3
2
H
mh
+
√
2
3
(
MPl
φ∗l
)2
' 1√
3l
(
3
2
√
m + l
)
 1 , (2.33)
so that we may approximate
γ ≈ pi
2
− 1√
3l
(
l +
3
2
√
m
)
≡ pi
2
+ δγ , (2.34)
after Taylor expanding cot γ around pi/2. Similarly, we get
C =
(
ml
mh
)
φ∗h
| sin γ| ≈
√
m(1 + δγ)φ
∗
h ≈
√
mφ
∗
h , (2.35)
and
φ˜h = φ
∗
h
(
1− ml
mh
)
= φ∗h (1−
√
m) . (2.36)
where φ˜h was introduced in (2.4). We use the approximate expression for γ in analytic
estimates, but keep the full one in plots. The ratio of energies in (2.17) remains
ε ≡ ρ
∗
h
ρ∗l
' φ
∗2
h
φ∗2l
, (2.37)
since [ρi]
± = 0.
While we treated the transition from ml → mh for φh as instantaneous, the resulting
damped oscillations of the heavy field in (2.30) take a few Hubble times to die off. Since we
assumed quadratic potentials, the energy density of the heavy field redshifts as a−3; thus, the
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amplitude of the heavy field decreases rapidly. In Fig. 1 we plot schematically the evolution
of the fields. Evidently, our setup provides a viable mechanism to excite oscillations in a
heavy field without interrupting inflation or disturbing the background solution of the light
field.
The initial oscillation amplitude of the heavy field is set by the energy ratio of the fields,
Ξ ≡ φ∗h − φ˜h =
ml
mh
φ∗l
√
ε = φ∗h
√
m ≈ C . (2.38)
Due to the oscillations in φh, the equation of state (EoS) parameter
1 + w =
φ˙2l + φ˙
2
h
3M2PlH
2
, (2.39)
inherits an oscillatory component, see Fig. 2 for two examples. These oscillations are equally
short lived.
2.3 Sudden Transition Approximation
If we ignore the transient oscillation in w, we arrive at the sudden transition approximation,
which retains the main physical effect responsible for the ringing pattern in the power-
spectrum, while enabling analytic estimates that are independent of the particular excitation
mechanism of a heavy field, see Sec. 4.1.2. We check the validity of this approximation by
using the full, two field setup in Sec. 4.2.
In the sudden transition approximation we ignore the contribution of the heavy field
after the transition entirely, so that
1 + w+ ≈ φ˙
2
l
3M2PlH
2
' 2
3
l , (2.40)
while
1 + w− ' 2
3
(l + h) . (2.41)
Hence, the fractional change in w becomes
∆w
1 + w−
≡ w− − w+
1 + w−
≈ ε
1 + ε
≈ ε , (2.42)
where we used h/l ' ε. Since the two slow-roll regimes are smoothly glued together in the
sudden transition approximation, the Hubble parameter, scale factor and conformal time are
continuous.
3 Perturbations
We are interested in computing the power-spectrum of the curvature perturbation R after
the transition when the transient oscillations of the heavy field died down. To this end, we
provide an estimate based on the sudden transition approximation of Sec. 2.3, as well as a
more refined but less transparent analysis based on retaining perturbations of both fields.
The computations in this section follow primarily [61, 65, 66, 79, 80]. For a brief review of
cosmological perturbation theory see e.g. [5].
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The general perturbed line element in a FLRW Universe including only scalar degrees
of freedom is
ds2 = (1− 2A)dt2 + 2aB,idxidt− a2[(1− 2ψ)δij + 2E,ij ]dxidxj . (3.1)
Two of the four degrees of freedom are pure gauge. Gauge invariant metric perturbations
can be defined via
Φ = A+ (aB − a2E˙) , (3.2)
Ψ = ψ −H(aB − a2E˙) , (3.3)
which coincide in the absence of anisotropic stress, Φ = Ψ, which is the case for us. Perturbing
the scalar fields
φi(x, t) ≡ φi(t) + δφi(x, t) , (3.4)
it is straightforward to derive the coupled equations of motion for these gauge dependent
field perturbations in Fourier space [79, 80]
δ¨φi + 3H
˙δφi +
k2
a2
δφi +
∑
j
(∂2φiφjV )δφj = −2(∂φiV )A+ φ˙i
[
A˙+ 3ψ˙ +
k2
a2
(a2E˙ − aB)
]
.
(3.5)
These equations simplify after introducing the gauge invariant Sasaki-Mukhanov variables
Qi = δφi +
φ˙i
H
ψ , (3.6)
which coincide with the field perturbations in the spatially flat gauge (ψ = 0), to [80]
Q¨i + 3HQ˙i +
k2
a2
Qi +
∑
j
(
∂2φiφjV −
M−2Pl
a3
(
a3
H
φ˙iφ˙j
).)
Qj = 0 . (3.7)
3.1 Before the Transition, t ≤ t∗
The equations of motion in (3.7) simplify further by introducing the rescaled Sasaki-Mukhanov
variable ui ≡ aQi and employing conformal time dt = adτ . While both fields are rolling slowly
and the universe is inflating, conformal time is given by τ ' −(1 + )/(aH) to first order in
the slow-roll parameters. As a consequence, (3.7) simplifies to
u
′′
i +
(
k2 − 2
τ2
)
ui = − 1
τ2
∑
j
Mijuj , (3.8)
where a prime denotes a derivative with respect to the conformal time and the interaction
matrix reads
Mij ' 3 (ηij − 2ij − δij) , (3.9)
to first order in slow-roll.
These two equations can be decoupled by performing a rotation such that M is diagonal
[81]. This rotation matrix is
U =
(
cos θ − sin θ
sin θ cos θ
)
, (3.10)
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with the rotation angle θ given by
tan 2θ =
2Mhl
Mhh −Mll . (3.11)
Pluging the slow-roll parameters into (3.9), we can express the interaction matrix in terms
of φ∗l and the energy ratio ε in (2.25),
M− ' −6l(1− 2ε)
(
ε
√
ε√
ε 1
)
, (3.12)
so that
tan 2θ ' −2
√
ε
(1− ε) ' −2
√
ε , (3.13)
Applying the rotation matrix (3.10) to the interaction matrix leads to the desired diag-
onalization,
UTMU =
(
λ−1 0
0 λ−2
)
, (3.14)
with the eigenvalues
λ−h,l =
1
2
[
Mhh +Mll ± |Mhh −Mll|
√
1 + (tan 2θ)2
]
. (3.15)
To leading order in slow-roll and for ε 1 we find
λ−h ' O(l) , (3.16)
λ−l ' ' −6l +O(l) . (3.17)
The decoupled perturbation variables vi are given by
ui =
∑
j
Uijvj , (3.18)
and satisfy
v′′i +
(
k2 − (2− λ
−
i )
τ2
)
vi ≈ 0 . (3.19)
Imposing the Bunch Davies vacuum state vi → e−ı˙kτ/
√
2k for τ → −∞ we find the well
known solutions
v−i =
√
pi
2
eı˙(µ
−
i +1/2)pi/2
√−τH(1)
µ−i
(−kτ)ei(~k) , (3.20)
where H(1)
µ−i
(−kτ) is the Hankel function of the first kind of order
µ−i ≡
√
9
4
− λ−i (3.21)
and ei(~k) are independent unit Gaussian random variables satisfying〈
ei(~k)
〉
= 0 ,
〈
ei(~k)ej(~k
′)∗
〉
= δijδ
3(~k − ~k′) . (3.22)
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We were quite verbose in this section, since the same steps will be used below in the less
simple setup after the transition. Note that the deviation of µl from 3/2 is set by the slow-roll
parameters, which determines the deviation of the power-spectrum from scale invariance, i.e.,
ns−1. While predictions of ns and the tensor to scalar ratio r based on a quadratic potential
are marginally ruled out by Planck at the 2σ-level [1, 3], they fit well with the preliminary
detection of gravitational waves by BICEP2 [4]. We use a quadratic potential throughout
this article, but it is straightforward to generalize our results to more complicated forms of
Vl should a different scalar spectral index or tensor to scalar ratio be desired.
3.2 After the Transition t ≥ t∗
For t ≥ t∗ conformal time can still be expressed via τ ≈ −(1 + )/(aH) to first order in
slow-roll, since the inflationary regime is not interrupted. The corresponding equations of
motion for ui remain formally unaltered as well,
u
′′
i +
(
k2 − 2
τ2
)
ui = − 1
τ2
∑
j
Mijuj , (3.23)
but the interaction matrix
Mij ≡ 3(ηij + 2ij − δij) + 6ij
(
V ′i
3Hφ˙i
+
V ′j
3Hφ˙j
)
(3.24)
differs from (3.9), since the heavy field oscillates, see equation (2.30). Consequently, the
slow-roll approximation can not be applied for V ′h/(3Hφ˙h). Nevertheless, the rotation angle
needed to instantaneously diagonolize the interaction matrix can be kept small for all relevant
scales after the transition for suitable choices of model parameters. To leading order in small
parameters we find
M+ll ' −6l − 9εF 2osc , (3.25)
M+hl ' 6l
√
ε
m
F˜osc , (3.26)
M+hh '
m2h
H2
− 3l + 9εF 2osc + 12ε
mh
H
FoscF˜osc , (3.27)
where
Fosc ≡
(
a
a∗
)−3/2(cos (mh(t− t∗) + γ)− 32 Hmh sin (mh(t− t∗) + γ)
sin γ
)
, (3.28)
≈ −
(a∗
a
)3/2
sin(mh(t− t∗)) , (3.29)
F˜osc ≡
(
a
a∗
)−3/2(sin (mh(t− t∗) + γ)
sin γ
)
≈
(a∗
a
)3/2
cos(mh(t− t∗)) , (3.30)
and we approximated γ ≈ pi/2 according to (2.34) while keeping only the zeroth order in
H/mh. After some algebra, we find to leading order in small parameters
tan 2θ+ ' 4
√
mεF˜osc
1 + m + 12ε
H
mh
FoscF˜osc
, (3.31)
≈ 4√mεF˜osc  1 , (3.32)
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In the small angle approximation, we get the eigenvalues
λ+h ≈
m2h
H2
≈ 3l
m
 1 , (3.33)
λ+l ≈ −6l − 9εF 2osc . (3.34)
Because φh became heavy, λh picks up a large contribution compared to (3.16), while λl
acquires a transient oscillatory contribution compared to (3.17). The solution for the modes
vi are again given by Hankel functions
v+i =
√
pi
2
√−τ+
[
Ai(k)H(1)µ+i (−kτ+) +Bi(k)H
(2)
µ+i
(−kτ+)
]
, (3.35)
where
µ+i ≡
√
9
4
− λ+i . (3.36)
Since ui = aQi and ui =
∑
j Uijvj , each Sasaki-Mukhanov variable has contributions from the
perturbations of the light and heavy field. The amplitude Ai and Bi need to be determined
via matching to the pre-transition perturbations, see Sec. 4.
3.3 Sudden Transition Approximation
In the sudden transition approximation introduced in Sec. 2.3 we ignore the contribution of
the heavy field at the perturbed level entirely; the only impact of φh is to induce a change
in the equation of state parameter, since ρh decreases rapidly for t > t∗. Such a truncation
can be justified if ε 1, so that the excitation amplitude after the transition is not too big.
As shown in [55], a necessary (but not sufficient) conditions is
Ξ
MPl
 ml
mh
=
√
m . (3.37)
Since Ξ = φ∗l
√
εm = 15MPl
√
εm according to (2.38), the above condition is satisfied for
ε 0.01. Since corrections to the power-spectrum computed in Sec. 4.1.1 are of order ε, the
sudden transition approximation can be used to recover corrections to PR up to 1% at most;
incidentally, the latter is the upper bound set by current observations [1, 35].
In this approximation, the equation of motion for perturbations in the light field (3.7)
is
Q¨l + 3HQ˙l +
k2
a2
Ql +
(
V ′′l −
M−2Pl
a3
(
a3
H
φ˙2l
).)
Ql = 0 , (3.38)
with the solutions
Q−l =
√
pi
2
eı˙(ν
−
l +1/2)pi/2
√−τH(1)
ν−l
(−kτ)el(~k) , (3.39)
Q+l =
√
pi
2
√−τ
[
α(k)H(1)
ν+l
(−kτ) + β(k)H(2)
ν+l
(−kτ)
]
el(~k) , (3.40)
where ν+l = ν
−
l ≈
√
9/4 + 6l. The two Bogoliubov coefficients α and β need to be deter-
mined by appropriately matching the two solutions, as we shall discuss in the next section.
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4 Matching Conditions at t∗ and the Power-spectrum
Treating the transition from ml → mh as instantaneous, we use again the Israel/Deruelle-
Mukhanov matching conditions [74–76] to relate the perturbations before and after the tran-
sition. Since the transition takes place at a uniform φh surface, the conditions reduce to the
continuity of [65]
[R]± = 0 , [Φ]± = 0 , (4.1)
where Φ is the Bardeen potential in (3.2), and the comoving curvature perturbation is defined
as (see [5] for a review)
R = Φ + 2
3(1 + ω)
(
Φ′
aH
+ Φ
)
, (4.2)
which can be related to the Sasaki-Mukhanov variables via
R = H(∑
j φ˙
2
j
) (∑
i
φ˙iQi
)
. (4.3)
We can also write Φ in terms of the Sasaki-Mukhanov variables [65]
− k2Φ = a
2
2M2Pl
∑
i
(
Q˙iφ˙i +Qi
(
∂V
∂φi
+
3
2
(1− ω)φ˙iH
))
, (4.4)
so that we can translate the matching conditions for R and Φ into conditions for the Qi.
4.1 Sudden Transition Approximation
Ignoring the contribution of the heavy field, (4.3) and (4.4) simplify to
− k2Φ ≈ a2 φ˙lQ˙l
2M2Pl
, (4.5)
R ≈ φ˙lQl
3(1 + ω)M2PlH
, (4.6)
so that the matching conditions in (4.1) become
[
Q˙l
]±
= 0 ,
[
Ql
1 + ω
]±
. (4.7)
Thus, even though the heavy field’s perturbations are ignored, the jump in the equation of
state parameter in (2.42), caused by the “vanishing” of the heavy field after its oscillations
died down, leads to a non-trivial matching of solutions. Plugging the solutions in (3.39) and
(4.22) into the matching conditions, we can calculate the Bogoliubov coefficients to
α = −pi
8
ı˙eı˙(νl+1/2)pi/2
{
3
∆w
1 + w−
H(2)νl H(1)νl + 2x
[
H(2)νl
dH(1)νl
dx
− 1 + w+
1 + w−
H(1)νl
dH(2)νl
dx
]}
,(4.8)
β =
pi
8
ı˙eı˙(νl+1/2)pi/2
{
3
∆w
1 + w−
H(1)νl H(1)νl + 2x
[
H(1)νl
dH(1)νl
dx
− 1 + w+
1 + w−
H(1)νl
dH(1)νl
dx
]}
, (4.9)
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where ν+l ≈ ν−l =
√
9/4 + 6l and all Hankel functions depend on the dimensionless variable
x ≡ −kτ∗ . (4.10)
Since the details of the excitation mechanism, and in fact the effect of the heavy field at
the perturbed level, are cut out in the sudden transition approximation, we deduce that the
above Bogoliubov coefficients are a generic feature. Not surprisingly, the same coefficents
were found in [65] where inflatons in multi-field brane/anti-brane inflation decayed during
inflation as the associated pairs of branes annihilate, leaving some radiation as decay products
(see also [66, 71–73]).
4.1.1 The Power-spectrum
As a consequence of β 6= 0, the power-spectrum PR of the curvature perturbation R, which
is defined by
PRδ(3)(~k − ~k′) = 4pik
3
(2pi)3
〈
R(~k′)∗R(~k)
〉
, (4.11)
inherits an oscillatory correction on sub-Horizon scales, −kτ  1,
∆PR + 1 ≡ PRPSRR
= cos2
[
x+
(
νl +
1
2
)
pi
4
]
+
(
1 + w+
1 + w−
)2
sin2
[
x+
(
νl +
1
2
)
pi
4
]
(4.12)
≈ 1− 2ε sin2
(
−x+ pi
2
)
, (4.13)
where we expanded the Hankel functions in the large argument limit and used trigonometric
identities, see [65] for details as well as the full result in terms of Bessel functions and an
approximation for super-horizon scales. Here, ε = ρh/ρl should not be confused with the
slow-roll parameter .
PSRR is the slow-roll power-spectrum of a single light field in a quadratic potential with
the usual scalar spectral index,
PSRR ≡
(
H2
2piφ˙l
Γ(µ+l )
Γ(3/2)
)2 ∣∣∣∣−kτ+2
∣∣∣∣3−2µ+l , (4.14)
see e.g. [5].
4.1.2 Discussion
The oscillations in (4.13) continue indefinitely, since the excitation event has not been re-
solved; the finite duration of the latter leads to a suppression for large x; as a consequence,
modes with oscillation frequency much higher than the inverse excitation duration are un-
affected, see Sec. 4.2.2. The correction in (4.12) has been derived previously in different
contexts, see e.g. [52, 65], and it is valid for any sudden change of the equation of state
parameter during slow-roll inflation as long as several conditions are met:
1. Fluctuations in the light field start out in the Bunch Davies vacuum.
2. Fields have canonical kinetic terms. If this condition is relaxed, sub-leading resonance
effects can become important, see e.g. the discussion of turns in two-field DBI inflation
in [60] or the tachyonic falling of a derivatively coupled field in [36].
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3. The coupling of light fields to the degrees of freedom responsible for ∆w can be ignored.
This includes the condition on the heavy field’s amplitude in (3.37), which is satisfied
for ε . 0.01 (consistent with current observational constraints).
4. Quantum particle production can be ignored. The latter can become important for
excitation events that strongly violate adiabaticity, see [23].
5. Inflationary slow-roll is not interrupted by the transition, i.e., the slow-roll conditions
for the light field are satisfied and −H˙/H2 remains small.
Under these conditions we expect the ringing pattern in (4.12) to provide an approximation
for any excitation mechanism of heavy fields during inflation.
Given the apparent broad applicability of (4.13), let us discuss its implications: the
amplitude of oscillations is set by the energy-ratio ε = ρh/ρl at the transition. The amplitude
of these oscillations in often bigger than the amplitude caused by resonances of the (here
unresolved) oscillations of background quantities with perturbations, as computed in [51]
and follow-up papers (the amplitude in [51–55] was corrected in [22, 33], reducing its value
by a factor of (H/mh)
2). Thus, the mere presence of an excitation and its associated change
in w often provides the leading order contribution; it is thus crucial to begin the analysis
before the heavy field got excited. A similar statement holds for the EFT developed in
[10, 14–19] or numerical methods.
If the excitation event is a sharp turn, ρh increases due to the transfer of kinetic energy.
During slow-roll inflation the latter is slow-roll suppressed so that ε . . As a consequence,
we expect ∆PR ∼ ε .  ∼ O(10−2), that is, corrections at the percent level at most. This
estimate is consistent with the numerical studies of a sharp turn in two-field inflation [23].
It should be noted that particle production during the non-adiabatic process of exciting a
heavy field can lead to order one corrections in ∆PR [23]. We do not discuss these effects
here.
Oscillations at the percent level can marginally improve a fit of the power-spectrum to
CMBR observations by Planck [1, 35, 36], but the cost of adding three new parameters (lo-
cation, frequency and amplitude) render the improvements statistically insignificant. Thus,
taking a conservative point of view, we deduce that oscillations are absent in the current data
leading to an experimental upper bound7 of
ε =
ρh
ρl
. 0.01 . (4.15)
For quadratic potentials the above translates to an upper bound on the excitation amplitude
of the heavy field of
Ξ ' ml
mh
φ∗l
√
ε ≤ √m1.5MPl . (4.16)
Thus, any excitations of heavy fields in the observational window are strongly constrained,
the more so the heavier the field under consideration. At this point we observe that the
7It might be interesting to estimate the bi-spectrum caused by a sudden change in the equation of state
parameter in a similar manner; however, any comparison with data should include cross-correlating signals in
the bi-spectrum with the ones in the power-spectrum to improve the statistical significance and pinpoint the
physical origin of oscillations. See e.g. [60] (oscillations due to resonances in DBI inflation), [18, 82] (mild turn,
EFT) or [19, 83]. Our estimate is not sufficient for this task, since the phase of oscillations is not recovered
properly.
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Figure 3. The correction to the power-spectrum in the full two field setup with ε = 10−6, m = 10−3
and φ∗l = 15MPl, plotted shortly after the transition and substantially later. The first peak is located
at k/k∗ ≈ 1.92 with an amplitude of 8.66× 10−6 for the the gray curve (∆N+ = 2) and 8.74× 10−6
for the the black dashed curve (∆N+ = 30). After a few e-folds an adiabatic regime is entered and
(4.27) can be used.
condition in (3.37) on Ξ, which is needed to truncate perturbations to the light sector, is
valid up until the current observational upper limit is approached.
We put the sudden transition approximation to the test in the next section, where
we provide a two field analysis at the perturbed level during the transition caused by the
sudden change of one field’s mass. This example provides a complementary case study
to the commonly discussed turns during inflation that we briefly mentioned above. This
computation is the main new aspect of this article and, while somewhat cumbersome, provides
additional support for the applicability of (4.12).
4.2 The Full two Field Setup
We wish to compute the Bogoliubov coefficients while resolving the transition and keeping
both fields at the perturbed level. Since the potential and kinetic energy of each field are
continuous, the equation of state parameter is continuous too,
[w]± = 0 . (4.17)
Thus, only the discontinuity in ml → mh for φh can bring about a non-trivial matching
condition.
Although the suddenly heavy field induces a sharp turn (see Figure 1), background
quantities remain smooth
[a]± = [H]± = [ρi]± = [Vi]± = 0 . (4.18)
To impose the Isreal/Deruelle-Mukhanov matching conditions, we impose (4.1) for each sum-
mand in (4.3) and (4.4) individually, as in [66] (fields do not interact during the instanta-
neous change in the slope of the heavy fields potential). Since the potential of the light field
is untouched and background quantities are continuous, the light field’s perturbations are
unaffected by the transition, i.e., [Ql]
± = [Q˙l]± = 0 in the flat gauge.
Perturbations of the heavy field are sensitive to the change in its potential, but since
Ql as well as R and φ˙i are continuous, Qh has to be continuous as well according to (4.3).
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Figure 4. The correction to the power-spectrum at the first peak and the position of the first peak
as a function of the number of e-folds after the transition ∆N+ for various combinations of ε and m,
with φ∗l = 15MPl. Waiting a few e-folds suffices to enter an adiabatic regime where (4.27) can be
used.
Thus, only Q˙h obeys a non-trivial matching condition,
[Ql]
± = 0 , [Qh]± = 0 , (4.19)[
Q˙l
]±
= 0 ,
[
φ˙hQ˙h +Qh
(
∂φhV + 3Hφ˙h
)]±
= 0 . (4.20)
The Sasaki-Mukhanov variables in (3.18) with (3.20) and (3.35) before and after the
transition at t∗ read
Q±h = cos θ±
v±h
a
− sin θ± v
±
l
a
, (4.21)
Q±l = sin θ±
v±h
a
+ cos θ±
v±l
a
. (4.22)
The solutions for t > t∗ in (3.35) entail Bogoliubov coefficients that have to be expanded
in terms of Gaussian random fields ei(~k) as
Al = αlel(~k) + αheh(~k) , Ah = α˜lel(~k) + α˜heh(~k) ,
Bl = βlel(~k) + βheh(~k) , Bh = β˜lel(~k) + β˜heh(~k) . (4.23)
It is straightforward to compute these coefficients by using the solutions in (4.21) and
(4.22) in the matching conditions (4.19), see App. A for the lengthy, explicit expressions.
A few e-folds after the transition, the energy of the heavy field becomes negligible
compared to the light one; subsequently, the light field decays and reheats the universe. As
a consequence, its perturbations Q+l determine the fluctuations in the CMBR; at late times
(−kτ → 0) the latter are therefore set by
R ≈ H
φ˙l
Ql . (4.24)
Further, we can approximate the Hankel functions in (4.22) by
H(2)
µ+i
≈ −H(1)
µ+i
≈ ı˙
pi
Γ
(
µ+i
)(−kτ+
2
)−µ+i
, (4.25)
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Figure 5. The correction to the power-spectrum with ∆N+ = 10, ε = 10
−6 and φ∗l = 15MPl. The
first peak of the gray curve has an amplitude of 8.54 × 10−6 at k/k∗ = 1.90 (√m = 10−4) and the
peak of the dashed curve has an amplitude of 8.74× 10−6 at k/k∗ = 1.92 (√m = 10−3). Evidently,
only a weak dependence on m is present.
which, together with (4.23), leads to
Q+l ≈ −ı˙
√−τ+
a
Γ(µ+l )√
pi
(
−kτ+
2
)−µ+l
(4.26)
×
{[
(αl − βl) cos θ+ + (α˜l − β˜l)
Γ(µ+h )
Γ(µ+l )
(
−kτ+
2
)µ+l −µ+h
sin θ+
]
el
+
[
(αh − βh) cos θ+ + (α˜h − β˜h)
Γ(µ+h )
Γ(µ+l )
(
−kτ+
2
)µ+l −µ+h
sin θ+
]
eh
}
.
Here, the αi, βi with i = l, h are given by (A.9), (A.10), (A.13) and (A.14) in the Appendix.
4.2.1 The Power-spectrum
Given the solution in (4.26), the power-spectrum reads
PR ≈
(
H2
2piφ˙l
Γ(µ+l )
Γ(3/2)
)2 ∣∣∣∣−kτ+2
∣∣∣∣3−2µ+l (4.27)
×
(∣∣∣∣∣(αl − βl) cos θ+ + (α˜l − β˜l)Γ(µ+h )Γ(µ+l )
(
−kτ+
2
)µ+l −µ+h
sin θ+
∣∣∣∣∣
2
+
∣∣∣∣∣(αh − βh) cos θ+ + (α˜h − β˜h)Γ(µ+h )Γ(µ+l )
(
−kτ+
2
)µ+l −µ+h
sin θ+
∣∣∣∣∣
2)
. (4.28)
Evidently, the cumbersome analytic expressions for αi and βi make this result somewhat
opaque and less instructive than the one based on the sudden transition approximation in
(4.13). We discuss the dependence of this oscillatory correction onto model parameter in the
next section, where we also make contact with (4.13).
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Figure 6. The first peaks amplitude of the correction to the power-spectrum and its position as
a function of
√
m for two values of ε, with ∆N+ = 10 and φ
∗
l = 15MPl. Evidently, only a weak
dependence on
√
m is present.
4.2.2 Discussion
We first note that the power-spectrum should only be computed once the system entered the
adiabatic regime at a time when the energy density of the heavy field can safely be ignored
and the approximation in (4.27) can be used. As ρh redshift quickly, it suffices to wait a few
e-folds, see Fig. 3 and 4, where we plot the height and position of the first peak of the full
power-spectrum over the number of e-folds for some exemplary cases. In all subsequent plots
we take ∆N+ = 10.
According to the sudden transition approximation, the oscillatory correction should not
depend on the ratio of the masses as parametrized by m = m
2
l /m
2
h. In Fig. 5, we observe
that this is indeed a good approximation, since both, the position and height of the first peak
change at the percent level only under a change of m by a factor of 100. In Fig. 6 we plot the
height and position of the first peak for a range of
√
m: it is clear that the dependence on√
m is not even linear and thus negligible for the range of mass ratios that we are interested
in (m  1).
The deciding factor determining the amplitude of the oscillatory correction is the energy
ratio ε = ρh/ρl, see Fig. 7 and 8. This result is expected based on the sudden transition
approximation, see (4.13) and the discussion in Sec. 4.1.2. The dependence is linear, see
Fig. 8, with a slope that is only weakly dependent on the mass ratio
√
m.
Turning to a direct comparison of the sudden transition approximation in (4.13) with
the two field result in (4.27), we observe indeed a good qualitative agreement, see Fig. 9;
the main difference is a damping in the amplitude for increasing k in the full result. This
damping is caused by the finite duration of the transition, which is resolved in the full result,
but absent in the sudden transition approximation. As a consequence, all modes, no matter
how deep in the horizon, are affected in the sudden transition approximation (an artefact
of the approximation). The amplitude (peak to valley) in (4.13) is given by 2ε and lies
between the amplitude of the first and second peak of the full result in (4.27), see Fig. 9.
This is as good of a quantitative agreement as one could hope for. Fruther, the frequency
is correctly recovered, but not the phase (that the phase matches reasonably well in Fig. 9
is a coincidence). Lastly, we observe a different sign of the correction in (4.13) and (4.27)
(positive for the full result and negative for the approximation).
We conclude that (4.27) provides a good approximation to the full result as long as one
keeps in mind that
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Figure 7. The correction to the power-spectrum with ∆N+ = 10,
√
m = 10
−3 and φ∗l = 15MPl.
The first peak of both curves is located at k/k∗ = 1.92 with an amplitude of 4.37× 10−6 for the the
gray curve (ε = 5 × 10−7) and 8.74 × 10−6 for the the black dashed curve (ε = 10−6). The linear
dependence on ε is in line with the sudden transition approximation in (4.13).
• Oscillatory corrections are damped for increasing k (an effect that can’t be recovered
in the sudden transition approximation).
• The phase of the corrections can not be recovered, since the intermediate regime is cut
out in the approximation.
• The sign of the correction in the sudden transition approximation is opposite to the
full result in the particular excitation mechanism considered in this article.
Thus, the maximal amplitude and frequency of the correction are recovered well. Since
the peak’s position is a free parameter (set by timing of the excitation event), the phase
does not carry any physically relevant information if one is only concerned with the power-
spectrum. However, if the signal is to be cross correlated with oscillations in the bi-spectrum
as in [18, 19, 60, 82, 83], the phase is important. Therefore, the approximation in (4.13) can
provide a correct order of magnitude estimate, but for comparison with data more sophisti-
cated techniques should be used.
We would like to reiterate that this estimate and the conclusions in Sec. 4.1.2 apply to
any excitation event of a heavy field during inflation: they only depend on the change of the
equation of state parameter well before and after the transition. This jump is present for
any excitation event, since ρh red-shifts by definition faster than the energy density driving
inflation.
Additional, model dependent contributions are present if one goes beyond the sudden
transition approximation; whenever these are computed, for instance within an EFT or via
numerical techniques, the excitation of the heavy field still needs to satisfy the bound on ε
in (4.15), which entails a bound on the heavy field’s amplitude once a potential is specified,
see equation (4.16).
The concrete setup discussed in this paper combined with the full two field treatment
of perturbations in this section provides additional evidence supporting the universality of
the estimate based on the sudden transition approximation. Thus, we advocate to use (4.15)
as a quick consistency check for any study dealing with excitations of heavy fields during
inflation.
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Figure 8. The correction to the power-spectrum at the first peak and the position of the first peak
as a function of ε for various values of m with ∆N+ = 10 and φ
∗
l = 15MPl. In the left panel the
inclinations of the curves are from top to bottom 9.34, 8.72 and 8.52. The linear dependence on ε
is in line with the sudden transition approximation in (4.13) although minor quantitative differences
are present, such as the weak dependence of the slope on
√
m.
5 Conclusion
The aftermath of a heavy field’s temporary excitation during inflation has been the focus
of several recent studies, leading to the development of effective field theories with a time
dependent speed of sound, approximate analytic schemes to recover signals caused by reso-
nances and numerical studies. A common effect is the generation of oscillatory contributions
to correlation functions, which are strongly constrained by CMBR observations. Since heav-
ier fields are common in all inflationary models in string theory, such effects offer a window
of opportunity onto dynamics that go beyond canonical, single field, slow-roll inflation.
In this paper, we investigated the effect of an excitation event onto the power-spectrum,
which necessarily entails a departure of slow-roll for the heavy field even if inflation is un-
interrupted. Based on current bounds on oscillations in the power-spectrum (O(10−2) ac-
cording to PLANCK), we arrived at a universal upper limit on the energy that can be infused
into a heavy field during inflation
ρheavy
ρinfl.
. ∆PR ∼ O(10−2) . (5.1)
The oscillations leading to this bound can be traced back to the jump of the equation of
state parameter from the value before the excitation to the one after the event, long after
the temporary oscillations in the heavy field have died down. Hence, they are not due to
any resonance effects or complicated interactions of perturbations during the intermediate
regime, but a mere reflection of the fact that slow-roll dynamics changed abruptly (without
disturbing slow-roll of the light field). Thus, this bound applies to any excitation event, be
it a sharp turn, a sudden mass change for one of the inflatons or other mechanisms.
We derived this bound in a sudden transition approximation, which cuts out the in-
termediate, non-trivial dynamics of the heavy field and truncates fluctuations to the light
sector. This approximation is not new and the result is identical to the one derived for
decaying inflatons in [65]. However, it is far from obvious that this simplistic approxima-
tion provides a good estimate: the temporary deviation of the equation of state parameter
during the excitation event is considerably bigger than its asymptotic change relevant for
the estimate, see Fig. 2; furthermore, fluctuations are expected to interact. Therefore, in a
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Figure 9. A comparison between the sudden transition approximation (gray curve) and the full two
field setup (black curve) with ∆N+ = 10, ε = 10
−6,
√
m = 10
−3 and φl = 15MPl. The simplistic
sudden transition approximation provides a good estimate for the amplitude and frequency of the
correction to the power-spectrum.
concrete two field setup where one field becomes heavy, we computed perturbations of both
fields and kept the effect of the intermediate regime when applying the Deruelle-Mukhanov
matching conditions, which need to be imposed once the mass of one field makes a jump. We
found a good qualitative agreement to the much simpler result based on the sudden transi-
tion approximation. Further, similarly non-trivial studies of sharp turns, as in [23], are also
consistent with this estimate.
The reason why the latter approximation does a good job is twofold: firstly, slow-roll of
the light field is not violated, so that background quantities, such as the Hubble parameter,
experience only minor alterations; secondly, since the energy ratio ρheavy/ρinfl has to be less
than one percent, the truncation to the light sector at the perturbed level becomes justified
in retrospective (a necessary condition for the latter was derived in [55]).
We note that additional signals are caused by resonances brought forth by the subse-
quent oscillations of the heavy field (suppressed for canonical kinetic terms and therefore usu-
ally sub-leading) and interactions of fluctuations, both of which are not recovered. However,
equation (5.1) provides an excellent, simple rule of thumb: if too much energy is transferred
to the heavy field, the excitation event is already ruled out and more complicated calcula-
tions are not needed. On the other hand, if, according to the estimate, a signal appears to
have a desirable amplitude and frequency, it is prudent to go beyond the sudden transition
approximation and include interactions as well as resonance effects; these are crucial for a
meaningful comparison with observations, particularly if signals in the power-spectrum are
to be cross correlated with the bi-spectrum.
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A Appendix
To calculate the explicit expressions for the Bogoliubov coefficients in (4.23) we need to plug
the solutions in (4.21) and (4.22) into the matching conditions in (4.19), which yields
αlH(1)µ+l cos θ+ + βlH
(2)
µ+l
cos θ+ + α˜lH(1)µ+h sin θ+ + β˜lH
(2)
µ+h
sin θ+ = e
ı˙(µ−l +1/2)pi/2H(1)
µ−l
cos θ− ,
(A.1)
αhH(1)µ+l cos θ+ + βhH
(2)
µ+l
cos θ+ + α˜hH(1)µ+h sin θ+ + β˜hH
(2)
µ+h
sin θ+ = e
ı˙(µ−h +1/2)pi/2H(1)
µ−h
sin θ− ,
(A.2)
αlH(1)µ+l sin θ+ + βlH
(2)
µ+l
sin θ+ − α˜lH(1)µ+h cos θ+ − β˜lH
(2)
µ+h
cos θ+ = e
ı˙(µ−l +1/2)pi/2H(1)
µ−l
sin θ− ,
(A.3)
αhH(1)µ+l sin θ+ + βhH
(2)
µ+l
sin θ+ − α˜hH(1)µ+h cos θ+ − β˜hH
(2)
µ+h
cos θ+ = −eı˙(µ
−
h +1/2)pi/2H(1)
µ−h
cos θ− .
(A.4)
Furthermore, the matching conditions in (4.20) require
αl
3
2
H(1)
µ+l
+
k
aH
dH(1)
µ+l
dx
 cos θ+ + βl
3
2
H(2)
µ+l
+
k
aH
dH(2)
µ+l
dx
 cos θ+
+α˜l
3
2
H(1)
µ+h
+
k
aH
dH(1)
µ+h
dx
 sin θ+ + β˜l
3
2
H(2)
µ+h
+
k
aH
dH(2)
µ+h
dx
 sin θ+
= eı˙(µ
−
l +1/2)pi/2
3
2
H(1)
µ−l
+
k
aH
dH(1)
µ−l
dx
 cos θ− , (A.5)
αh
3
2
H(1)
µ+l
+
k
aH
dH(1)
µ+l
dx
 cos θ+ + βh
3
2
H(2)
µ+l
+
k
aH
dH(2)
µ+l
dx
 cos θ+
+α˜h
3
2
H(1)
µ+h
+
k
aH
dH(1)
µ+h
dx
 sin θ+ + β˜h
3
2
H(2)
µ+h
+
k
aH
dH(2)
µ+h
dx
 sin θ+
= eı˙(µ
−
h +1/2)pi/2
3
2
H(1)
µ−h
+
k
aH
dH(1)
µ−h
dx
 sin θ− , (A.6)
and
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cot γ γ ≈ pi/2 Diff. (%)
δP∗R k/k∗ δP∗R k/k∗ δP∗R k/k∗
Figure 4g 8.66× 10−6 1.92 8.33× 10−6 2.00 −3.81 4.17
Figure 4b 8.74× 10−6 1.92 8.28× 10−6 1.95 −5.26 1.56
Figure 5g 4.37× 10−6 1.92 4.14× 10−6 1.95 −5.26 1.56
Figure 5b 8.74× 10−6 1.92 8.28× 10−6 1.95 −5.26 1.54
Figure 6g 8.54× 10−6 1.90 8.08× 10−6 1.93 −5.39 1.58
Figure 6b 8.74× 10−6 1.92 8.28× 10−6 1.95 −5.26 1.56
Table 1. Comparision of the first peak amplitude and position for the case cot γ (that can be seen
in Figures 3–5) and for the case γ ≈ pi/2. Here “g” stands for the gray curve of the plots and “b” for
the black curve.
−eı˙(µ−l +1/2)pi/2
3
2
H(1)
µ−l
+
k
aH
dH(1)
µ−l
dx
 sin θ− =
αl
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(1)
µ+l
+
k
aH
dH(1)
µ+l
dx
 sin θ+
+βl
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(2)
µ+l
+
k
aH
dH(2)
µ+l
dx
 sin θ+
−α˜l
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(1)
µ+h
+
k
aH
dH(1)
µ+h
dx
 cos θ+
−β˜l
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(2)
µ+h
+
k
aH
dH(2)
µ+h
dx
 cos θ+ , (A.7)
eı˙(µ
−
h +1/2)pi/2
3
2
H(1)
µ−h
+
k
aH
dH(1)
µ−h
dx
 cos θ− =
αh
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(1)
µ+l
+
k
aH
dH(1)
µ+l
dx
 sin θ+
+βh
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(2)
µ+l
+
k
aH
dH(2)
µ+l
dx
 sin θ+ +
−α˜h
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(1)
µ+h
+
k
aH
dH(1)
µ+h
dx
 cos θ+
−β˜h
3
2
(
1 + 2
V ′h
3Hφ˙h
)
H(2)
µ+h
+
k
aH
dH(2)
µ+h
dx
 cos θ+ (A.8)
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cot γ γ ≈ pi/2 Diff. (%)
9.34 8.92 −4.50
Figure 8 8.72 8.26 −5.28
8.52 8.06 −5.40
Table 2. Comparision of the curve slope for the case cot γ (that can be seen in Figure 8) and for the
case γ ≈ pi/2.
Solving for the Bogoliubov coefficients, one arrives at
αl = −pi
4
ı˙eı˙(µ
−
l +1/2)pi/2
{
cos θ− cos θ+(1 + tan θ− tan θ+)
k
aH
H(2)
µ+l
dH(1)
µ−l
dx
−H(1)
µ−l
dH(2)
µ+l
dx
+
+ 3
(
1 +
V ′h
3Hφ˙h
)
sin θ+ sin θ−H(2)µ+l H
(1)
µ−l
}
, (A.9)
βl =
pi
4
ı˙eı˙(µ
−
l +1/2)pi/2
{
cos θ− cos θ+(1 + tan θ− tan θ+)
k
aH
H(1)
µ+l
dH(1)
µ−l
dx
−H(1)
µ−l
dH(1)
µ+l
dx
+
+ 3
(
1 +
V ′h
3Hφ˙h
)
sin θ− sin θ+H(1)µ+l H
(1)
µ−l
}
, (A.10)
α˜l = −pi
4
ı˙eı˙(µ
−
l +1/2)pi/2
{
cos θ− sin θ+
(
1− tan θ−
tan θ+
)
k
aH
H(2)
µ+h
dH(1)
µ−l
dx
−H(1)
µ−l
dH(2)
µ+h
dx
+
− 3
(
1 +
V ′h
3Hφ˙h
)
sin θ− cos θ+H(1)µ−l H
(2)
µ+h
}
, (A.11)
β˜l =
pi
4
ı˙eı˙(µ
−
l +1/2)pi/2
{
cos θ− sin θ+
(
1− tan θ−
tan θ+
)
k
aH
H(1)
µ+h
dH(1)
µ−l
dx
−H(1)
µ−l
dH(1)
µ+h
dx
+
− 3
(
1 +
V ′h
3Hφ˙h
)
sin θ− cos θ+H(1)µ−l H
(1)
µ+h
}
, (A.12)
αh = −pi
4
ı˙eı˙(µ
−
h +1/2)pi/2 cos θ− sin θ+
{(
1− tan θ−
tan θ+
)
k
aH
H(1)
µ−h
dH(2)
µ+l
dx
−H(2)
µ+l
dH(1)
µ−h
dx
+
− 3
(
1 +
V ′h
3Hφ˙h
)
H(2)
µ+l
H(1)
µ−h
}
, (A.13)
βh =
pi
4
ı˙eı˙(µ
−
h +1/2)pi/2 cos θ− sin θ+
{(
1− tan θ−
tan θ+
)
k
aH
H(1)
µ−h
dH(1)
µ+l
dx
−H(1)
µ+l
dH(1)
µ−h
dx
+
−3
(
1 +
V ′h
3Hφ˙h
)
H(1)
µ+l
H(1)
µ−h
}
, (A.14)
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α˜h = −pi
4
ı˙eı˙(µ
−
h +1/2)pi/2 cos θ− cos θ+
{
(1 + tan θ− tan θ+)
k
aH
H(2)
µ+h
dH(1)
µ−h
dx
−H(1)
µ−h
dH(2)
µ+h
dx
+
+ 3
(
1 +
V ′h
3Hφ˙h
)
H(2)
µ+h
H(1)
µ−h
}
, (A.15)
β˜h =
pi
4
ı˙eı˙(µ
−
h +1/2)pi/2 cos θ− cos θ+
{
(1 + tan θ− tan θ+)
k
aH
H(1)
µ+h
dH(1)
µ−h
dx
−H(1)
µ−h
dH(1)
µ+h
dx
+
+ 3
(
1 +
V ′h
3Hφ˙h
)
H(1)
µ+h
H(1)
µ−h
}
, (A.16)
where all time dependent quantities are to be evaluated at t∗; at the transition we have
x ≈ −kτ∗ and both, the angles θ± as well as the Hankel function indices µ±i , have to be
evaluated at k∗ ≡ a∗H∗.
We can approximate γ ≈ pi/2 in all expressions except in the ratio V ′h/(3Hφ˙h): due to
the condition m  3l, the ratio m/(3l) in (2.33) is second order when compared to l; if
we were to use the approximation γ ≈ pi/2 in
V ′h
3Hφ˙h
∣∣∣∣∣
t=t∗
= 2
√
l
3m
(
1
2 cot γ −√3m/l
)
, (A.17)
we would ignore the leading order term, while keeping second order ones, which cancel if the
full γ from (2.33) is used instead. Therefore we use the full expression in (2.33) in all plots
(the relative errors that result if the approximation γ ≈ pi/2 were used everywhere are given
in Tab. 1 and 2).
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